A ressonância magnética é um biomarcador aceitável da degeneração do neurônio motor superior em esclerose lateral amiotrófica/esclerose lateral primária ou apenas um instrumento paraclínico útil para a exclusão das síndromes mimetizadoras? Uma revisão crítica da aplicabilidade da imagem na rotina clínica ABSTRACT Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that affects motor neurons in the cerebral cortex, brainstem, and spinal cord, brain regions in which conventional magnetic resonance imaging is often uninformative. Although the mean time from symptom onset to diagnosis is estimated to be about one year, the current criteria only prescribe magnetic resonance imaging to exclude "ALS mimic syndromes". Extensive application of non-conventional magnetic resonance imaging (MRI) to the study of ALS has improved our understanding of the in vivo pathological mechanisms involved in the disease. These modern imaging techniques have recently been added to the list of potential ALS biomarkers to aid in both diagnosis and monitoring of disease progression. This article provides a comprehensive review of the clinical applicability of the neuroimaging progress that has been made over the past two decades towards establishing suitable diagnostic tools for upper motor neuron (UMN) degeneration in ALS.
Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig's disease, is a rare, chronic, fatal degenerative neurological disease that predominantly affects the motor system. Diagnosis of ALS is based on the presence of very characteristic clinical findings of upper motor neuron (UMN) compromise associated with lower motor neuron (LMN) affection in conjunction with the exclusion of "ALS mimic syndromes" [1] [2] [3] . Clinical subtypes of motor neuron degeneration with only LMN degeneration, also called progressive muscular atrophy, or only UMN degeneration, called primary lateral sclerosis (PLS), and subtypes with predominant upper or LMN degeneration exist. Clinical UMN signs are initially absent in 7-10% of ALS cases. Therefore, delayed diagnosis (>18 months) is common in patients who present with isolated LMN signs. This pronounced delay between the onset of symptoms and diagnosis is possibly beyond the therapeutic window 4 . Until recently, standard diagnostic criteria for ALS 5, 6 , which were designed primarily for research purposes, have not been able to detect early disease. However, the Awaji criteria have recently been introduced to better define LMN degeneration, which has improved the sensitivity of early diagnostic methods for ALS 7 . In the Awaji criteria, needle electromyography is considered as an extension of the clinical examination, but the general principles of previous criteria are maintained. However, even if diagnosis can now be established earlier, clinicians need a reliable, objective biomarker that allows periodic assessment of the changes in disease progression or treatment efficacy.
Whereas the presence of LMN signs can be ascertained by electromyography, there is no widely accepted marker for UMN involvement. Paraclinical proof of UMN compromise is a challenging task, particularly in the early stages of the disease 3, 8 . In the process of searching for UMN biomarkers, a broad spectrum of conventional and non-conventional magnetic resonance imaging (MRI) techniques, including proton magnetic resonance spectroscopy (1H-MRS), functional MRI ( fMRI), diffusion tensor imaging (DTI), and magnetization transfer imaging (MTI) has been used with variable success in identifying neuropathological processes.
Previous reports have supported that MRI should be included in the workup of any patient with weakness and pyramidal signs [9] [10] [11] . Furthermore, some authors have suggested new MR techniques for the list of potential ALS biomarkers 4, [12] [13] [14] . This article aimed to review the clinical applicability of the neuroimaging progress that has been made over the past two decades towards establishing suitable diagnostic tools of UMN disease.
CONVENTIONAL MRI
According to the current criteria, there are no neuroimaging tests that confirm the diagnosis of ALS 6, 7 . However, in clinical practice, conventional MRI is performed in most ALS patients to identify a focal structural lesion that might account for a significant portion of the patient's symptoms. The vast list of brain disorders that mimic ALS may include skull base lesions, cervical myelopathies, conus lesions, and thoracolumbar sacral radiculopathy 15, 16 . Although degeneration of the entire corticospinal tract (CST) occurs in approximately 47% of autopsy specimens from ALS patients 17 , the demonstration of such abnormalities is limited on conventional MR acquisitions 18, 19 . Areas of abnormal signal intensity in the CST documented on T1-weighted images (T1WI) and T2-weighted images (T2WI), including fluid-attenuated inversion recovery (FLAIR) images, have been previously reported in patients with ALS [20] [21] [22] [23] [24] [25] [26] . However, these abnormalities were inconsistent and unreliable because they were observed frequently in normal patients, and they do not correlate with clinical scores (Fig 1) . T2-hyperintensity of the CST has low sensitivity (approximately ≤40%) and limited specificity (approximately ≤70%) 12 .
A thin line of cortical low signal intensity ("motor dark line" or "hypointense rim") of the precentral gyrus on T2WI or FLAIR (C) Axial T1WI shows spontaneous hyperintensity in the CST in the centrum semiovale in this patient with spastic paraparesis (arrows). (D) Axial T2WI shows obvious hyperintensity in the subcortical precentral regions (white spots). Note a thin "motor dark line", mainly in the motor area for the hands. All of these abnormalities are seldom in the MRI of ALS patients, and to variable degrees, they can be identified in healthy individuals.
images has been advocated to be a marker of UMN compromise in ALS, particularly in advanced disease 20, 27 . However, this T2 shortening effect results from excessive iron deposition, fibrillary gliosis, and/or macrophage infiltration, and such a change is neither sensitive nor specific to the pathology of UMN degeneration in ALS and can be found in healthy people, as well as in those with other degenerative diseases 10, [28] [29] [30] . Precentral gyrus subcortical hyperintensity on T2WI or FLAIR images has been reported as an important finding that represents CST abnormalities in UMN degeneration 20, 27, 29 . This hyperintensity is probably due to ALS-related degenerative changes and contributes to the diagnosis of ALS in some studies, although with a low sensitivity 20, 28, 31 . Central sulcus enlargement and CST hyperintensity on FLAIR images have demonstrated low sensitivity and specificity for identifying ALS patients with pathological hyperreflexia or definite UMN signs and for confirming PLS 32, 33 . FLAIR images appear to have a higher sensitivity but lower specificity than fast spin-echo sequences (FSE) for detecting brain changes in ALS patients 32, 33 . However, Hecht et al. 28 have recommended caution in the evaluation of FLAIR images as they observed CST hyperintensity in both patients with ALS and control subjects. Gawne-Cain et al. 34 have studied the range of white matter appearance on FLAIR images in healthy persons and showed increased signal intensity in the CST region at the level of the internal capsule in all subjects; this change extended up toward the centrum semiovale and down to the pons. In a previous report, we were not able to distinguish ALS patients based only on CST analysis in FLAIR images and found a large false positive occurrence 10 . Ngai et al. 35 reported a statistically significant relationship between increasing age and the frequency of hyperintensity of the subcortical white matter of the precentral gyrus and hypointensity of the precentral gyrus gray matter on FLAIR images, which reinforces the idea that these signs may be present in the absence of UMN degeneration.
Compared to conventional T2-weighted sequences, proton density-weighted images (PDWI) definitely have greater specificity for the diagnosis of ALS (Fig 2) . As PDWI is usually not performed in routine MRI, a radiologist must conduct the appropriate protocol to maximize the sensitivity of this method 19, 24, 28 . Cheung et al. 23 noticed that a well-defined high signal in the CST on PDWI has specificity for ALS of 100% and a sensitivity of 41-60%.
Hyperintensity on T1WI in the anterolateral column of the cervical cord has been observed in patients with ALS and intracranial anterolateral column hyperintensity has been observed in patients with predominant UMN signs, including spastic paraparesis 26 . However, spinal cord imaging and T1 analysis are not currently encouraged 37 . Atrophy of the precentral gyrus may be identified indirectly as enlargement of the adjacent central sulcus in PLS and in ALS patients. The prominent atrophy in PLS patients has been explained by the long duration of the disease process in PLS as a result of longer survival. Although visualization of a clearly enlarged central sulcus may be helpful for the presence of motor cortex atrophy, it is not sensitive to identifying all phenotypes of UMN affection, and a reliable determination usually requires quantitative evaluation 38 Furthermore, selective brain atrophy is difficult to recognize in early ALS patients and demands three-dimensional (3D) MR sequences and post-processed volumetric acquisitions.
Magnetic resonance voxel-based morphometry (VBM) involves automated segmentation and quantification of gray and white matter volumes to study regional differences. Application of VBM in ALS is not devoted to identifying UMN degeneration, but it is useful to demonstrate non-motor involvement with a widespread decrease in gray matter volume even without frank dementia 12 .
NON-CONVENTIONAL MRI
Diffusion tensor imaging DTI provides quantitative information about the magnitude and directionality of water diffusion in 3D space. Diffusion is anisotropic in white matter tracts because axonal membranes and myelin sheaths present barriers to the motion of water molecules. Diffusivity is generally much higher in directions along fiber tracts than in the directions perpendicular to them. Mean diffusivity (MD) and fractional anisotropy (FA) are the most commonly used indices for estimating diffusion 39 . MD is a measure of the directionally averaged magnitude of diffusion and is related to the integrity of the local brain tissue. FA represents the degree of diffusion anisotropy and reflects the degree of alignment of cellular structures 39 . DTI techniques also allow interregional fiber tracking, known as diffusion tensor tractography, which allows tracking of the major WM tracts 38 . DTI can provide important measures of UMN dysfunction. Changes in tissue structure including loss of pyramidal motor neurons in the primary motor cortex and axonal degeneration of the CST, proliferation of glial cells, extracellular matrix expansion, and intraneuron abnormalities may contribute to the observed CST DTI changes. DTI studies of patients with ALS have reported consistently decreased FA and increased MD values along the CST, using either region of interest-based approaches or tractography [40] [41] [42] . The posterior limb of the internal capsule is the place where the most pronounced decrease in FA and increase in MD have been demonstrated 15, 38 . Decreased FA in patients with ALS has been found to correlate with disease severity 11, 42, 43 , rate of disease progression 44 , and clinical 38, 45 and electrophysiological 46 measures of UMN involvement. The analysis of FA and MD support the view that ALS is a multisystem degenerative disease in which abnormalities of extra-motor areas play an important role in its pathophysiology, given that it has been possible to demonstrate that the abnormalities are not restricted to the motor tract (Fig 3) but also extend to extra-motor regions, including the corpus callosum, frontal and parietal WM, insula, and hippocampal formation 14, 38 .
PROTON MR SPECTROSCOPY
Proton MR spectroscopy (1H-MRS) is a method to detect and quantify tissue neurodegenerative changes by analyzing the levels of metabolites in vivo. The MR spectrum is a spectral graph in which the x-axis denotes the unique chemical composition of a metabolite in parts per million (ppm), and the y-axis reflects the concentration of that metabolite. The predominant brain metabolites detected by 1H-MRS are N-acetyl aspartate (NAA), a marker for neuronal integrity; choline (Cho), related to membrane turnover and cell proliferation; creatine (Cr), a marker of tissue energy state; and myoinositol, an astrocytic marker.
Proton MR spectroscopy can demonstrate the loss or dysfunction of motor neurons by reducing both the concentrations of NAA 47 or ratios of NAA:Cr and NAA:Cho 43 . Pioro et al. 48 reported that patients with motor neuron disease showed a decreased ratio of NAA:Cr in the primary motor cortex compared with controls and noted that two patients with spinal muscular atrophy without UMN signs showed no decrease in this ratio. Although regional analysis of these data showed more pronounced 1H-MRS changes in the precentral gyrus and corona radiata 13 , NAA reduction in the brainstem has also been reported in ALS patients who have prominent UMN or bulbar signs 49 . A moderate correlation has been shown between the NAA concentration and its ratios in the motor cortex and clinical manifestations of ALS [48] [49] [50] . In addition to neuronal damage, increased glial cell activity, reflected by raised levels of myoinositol, has been demonstrated in the motor cortex of patients with ALS 50 . Increased myoinositol levels are probably associated with motor cortex hypointensity on T2WI 51 . Some authors have observed preeminent abnormalities on 1H-MRS that were associated with central sulcus enlargement and CST hyperintensity on FLAIR images 32, 33 . The limits of the combined use of structural and metabolic MR techniques to define UMN degeneration are still not clearly established in the literature (Fig 4) .
The application of 1H-MRS has been advocated as a surrogate marker for therapeutic efficacy. An increased NAA:Cr ratio in the motor cortex has been observed in some studies after a short course of treatment with riluzole 52 . It should be noted, however, that although the method can be used to monitor disease evolution, the diagnostic value of 1H-MRS is poor because of the considerable overlap of the metrics of patients with those of healthy controls 15, 16 .
MAGNETIZATION TRANSFER IMAGING
MTI is based on the exchange of magnetization between spins in two proton pools: bound immobile protons associated with macromolecules (such as myelin) and free mobile protons associated with free water. Therefore, this technique can indicate the presence of structural changes in tissue associated with numerous diseases, even when they are not visible by other sequences, and allows qualitative and/or quantitative studies 10 . The magnitude of the effect depends on the relative water and macromolecular concentration, surface chemistry and biophysical dynamics of macromolecules and may be quantified by measuring the MT ratio (MTR). Typically, a low MTR indicates damage to myelin or to the axonal membrane, and therefore, MTI has been shown to be able to detect structural changes of the CST in ALS. We have reported CST hyperintensity, mainly in the supratentorial compartment, on T1-weighted spin-echo magnetization transfer contrast (T1 SE MTC), with great sensitivity (80%) and specificity (100%) 10 . This sequence is fast and simple to acquire, and it is particularly useful in early disease to demonstrate abnormal signal intensity in the CST in the centrum semiovale (Fig 5) 9 -11,53 . This technique has recently been demonstrated to be highly specific to confirm a particular phenotype of imaging in ALS with UMN involvement 11 . Magnetization transfer ratio studies applied to ALS have been inconsistent. In two of these studies, the authors found a decreased MTR in the CST, which ranged between 2.6 and 20% in patients with ALS compared to the control group 54, 55 ; however, in a recent publication by Charil et al. 56 , no significant differences were seen between patients and controls. It is assumed that reactive gliosis and axonal loss could have led to an MTR pseudonormalization in some cases 56 .
FUNCTIONAL MRI
fMRI allows noninvasive measurement of regional neuronal activity by determining the "blood oxygenation level dependent" or BOLD effect. This noninvasive technique is based on the increase in oxygen consumption and the secondary paramagnetic effect that alters the T2*-weighted MRI signal.
Functional MRI studies in patients with ALS have shown adaptive changes secondary to neuronal loss and demyelination of the CST, which were explained based on the phenomenon of neuronal plasticity and reorganization. fMRI might identify preserved, but non-executable, functions in ALS patients in the end stage and will set the direction for a new way of thinking about the functional capacities of these patients 57 . It is important to note that difficulty in controlling task performance in patients with ALS may be responsible for the variability of the results of fMRI studies 16 .
FRONTIERS AND PERSPECTIVES TO DEFINE IMAGING BIOMARKERS
Identification of imaging biomarkers that are sensitive and specific to ALS is not enough. A reliable imaging biomarker should recognize ALS phenotype particularities and identify those patients who are likely to have unusually fast or slow progression. In addition, imaging biomarkers should demonstrate specific involvement of the brainstem to ensure optimum and appropriate planning of care, including feeding and ventilation 12 .
Developing a tool that meets all of the requirements necessary to constitute an imaging biomarker of UMN degeneration in ALS patients is a great challenge. It demands comparable data in a large series of patients, including different stages and phenotypes of the disease 4, 16 . In addition, it is important to be aware of how to transfer research results and their limitations to clinical practice, while addressing the needs of each patient. Individual patients must be interpreted with their particular clinical scenarios in mind, which demands imaging techniques that offer sensitive and specific results for variable phenotypes 16 . Magnetization transfer imaging and DTI represent complementary, promising MR imaging techniques for diagnosing and studying early ALS. The T1 SE MTC technique can be easily implemented on many MR imagers to corroborate the clinical diagnosis of UMN involvement in ALS patients 10, 11, 53 . Quantitative measurement using DTI and 1H-MRS acquisitions on high-field magnets can be collected to identify UMN involvement and predict disease duration in patients with ALS 43 . DTI and MR VBM have the largest potential to become quantitative tools for evaluating anatomical integrity of the CST and motor and non-motor connectivity beyond the CST, respectively 12, 58 . The high sensitivity of MRI sequences to inherent cerebral motor and extra-motor pathology makes MRI a clear leader in the search for biomarkers. A reproducible MRI protocol was recently proposed with the aim of establishing a consensus on the various applications of MRI to the study of ALS and to explore the possibility of multicenter collaboration 58 . 
FINAL REMARKS
Currently, MRI is a paraclinical tool that is useful in supporting ALS diagnosis. Due to the widespread availability of MRI and rapid evolution of the neuroimaging field, emerging imaging technologies might provide an opportunity for imaging in routine clinical practice with better sensitivity and specificity for confirming UMN degeneration.
Conventional MRI has shown low sensitivity and specificity in detecting UMN involvement in ALS/PLS, especially in the early stages of the disease. Our review encourages specialists to use T1 SE MTC, which has suitable sensitivity and high specificity for detecting early UMN degeneration. Advanced neuroimaging modalities such as 1H-MRS, DTI and MR VBM are emerging neuroimaging techniques that have a limited role in routine clinical practice but have shown promise in understanding the pathophysiology of motor neuron disease in vivo, depicting disease progression and identifying disease changes earlier, which will facilitate diagnosis in the future.
DTI is a promising candidate for an imaging marker in UMN disease, but it needs to be improved to offer confident diagnosis in individual patients. In the future, therefore, close cooperation among neurologists, neuroimaging researchers and neurophysiologists is mandatory to expand the knowledge and the comprehension of the natural history of ALS. An effective UMN imaging marker in ALS/PLS could emerge from the current knowledge of cross-sectional MRI combined with an approach using structural and functional techniques that will allow us to conduct comprehensive longitudinal studies.
